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MICROSCOPE WITH DUAL IMAGE 
SENSORS FOR RAPID AUTOFOCUSING 

BACKGROUND 

Embodiments of the present invention relate to micro 
scopes, and more particularly to a digital optical microscope 
that autofocuses on a sample. 

Digital optical microscopes are used to observe a Wide 
variety of samples. Recently, a need has emerged to digitally 
record images of biological samples such as biopsy tissue on 
histopathologic slides for archiving, telepathology and rapid 
information retrieval. Although the samples are relatively 
thin, on the order of 5 microns, high poWer objective lenses 
With a numerical aperture greater than 0.5 typically have a 
depth of ?eld that is even smaller. Furthermore, the sample, 
coverslip and slide may have variable thickness, the sample 
may groW or move, and the microscope may exhibit mechani 
cal instability, scanning stage misalignment and thermal 
expansion. 

Therefore, in order to keep the sample in focus (along the 
optical axis in the Z direction) as the microscope scans the 
sample and relocates the ?eld of vieW to take snapshots of the 
sample at different lateral locations (in the XY focal plane), 
the microscope needs to autofocus on the sample to keep the 
objective lens Within a suitable focal distance of the sample to 
generate high quality images. 

Rapid autofocusing is important in automated biological 
and biomedical applications such as high-throughput phar 
maceutical screening and large-scale autonomous microro 
botic cell manipulation. Rapid autofocusing is also important 
in other applications such as integrated circuit chip inspection 
and microassembly of hybrid microelectromechanical sys 
tems (MEMS). Thus, rapid autofocusing is highly desirable 
in real-time image acquisition applications that cannot afford 
considerable time delays to adjust the focal distance betWeen 
snapshots of the sample. 

Conventional microscopes perform autofocusing by 
directing a laser beam at the sample, measuring a re?ection of 
the laser beam off the sample to provide a single reference 
point, and using a feedback loop to adjust the focal distance. 
Although this approach provides rapid autofocusing, the 
single reference point may lack suf?cient information for 
accurate autofocusing. 

Conventional microscopes also perform autofocusing by 
obtaining multiple images at multiple focal distances, deter 
mining a quantitative characteristic for each image, determin 
ing an optimal focal distance based on the quantitative char 
acteristic and using a feedback loop to adjust the focal 
distance. Although this approach provides accurate autofo 
cusing, acquiring the multiple images may create time delays 
that prevent rapid autofocusing. 

Therefore, there is a need for a microscope that performs 
accurate rapid autofocusing. 

BRIEF DESCRIPTION 

In one embodiment of the present invention a digital opti 
cal microscope includes a primary image sensor that gener 
ates a primary image of a sample at a primary frame rate, an 
auxiliary image sensor that generates an auxiliary image of 
the sample at an auxiliary frame rate that is faster than the 
primary frame rate, and a controller that adjusts a focal dis 
tance betWeen an objective lens and the sample along an 
optical axis in response to the auxiliary image, thereby auto 
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2 
focusing the primary image on the sample. The primary 
image sensor generates the primary image in response to the 
autofocusing. 

In accordance With another embodiment, a digital optical 
microscope includes an objective lens, a beam splitter that 
splits light that is collected from a sample and passes through 
the objective lens into a primary light path and an auxiliary 
light path, a primary image sensor that generates a primary 
image of the sample With a primary pixel count at a primary 
frame rate using the primary light path Without using the 
auxiliary light path, an auxiliary image sensor that generates 
an auxiliary image of the sample With an auxiliary pixel count 
at an auxiliary frame rate using the auxiliary light path With 
out using the primary light path, and a controller that adjusts 
a focal distance betWeen the objective lens and the sample 
along an optical axis using the auxiliary image Without using 
the primary image, thereby autofocusing the primary image 
on the sample using the auxiliary image sensor Without using 
the primary image sensor. The primary image sensor gener 
ates the primary image in response to the autofocusing, the 
auxiliary pixel count is loWer than the primary pixel count and 
the auxiliary frame rate is faster than the primary frame rate. 

In accordance With a further embodiment, a digital optical 
microscope includes an objective lens With a ?eld of vieW, a 
beam splitter that splits light that is collected from a sample at 
the ?eld of vieW and passes through the objective lens into a 
primary light path and an auxiliary light path, a primary 
image sensor, an auxiliary image sensor and a controller. The 
primary image sensor generates ?rst and second primary 
images of the sample using the primary light path Without 
using the auxiliary light path, Wherein the primary images 
each have a primary pixel count and are generated at a pri 
mary frame rate, the ?rst primary image represents a ?rst 
region of the sample at the ?eld of vieW, the second primary 
image represents a second region of the sample at the ?eld of 
vieW, and the regions are laterally offset. The auxiliary image 
sensor generates ?rst, second and third auxiliary images of 
the sample using the auxiliary light path Without using the 
primary light path, Wherein the auxiliary images are gener 
ated While the ?eld of vieW is at the second region and the 
auxiliary images each have an auxiliary pixel count and are 
generated at an auxiliary frame rate. The controller adjusts a 
lateral position betWeen the objective lens and the sample to 
move the ?eld of vieW from the ?rst region to the second 
region and adjusts a focal distance betWeen the objective lens 
and the sample along an optical axis to a selected focal dis 
tance using the auxiliary images Without using the primary 
images, thereby autofocusing the second primary image on 
the sample using the auxiliary image sensor Without using the 
primary image sensor, Wherein the primary image sensor 
generates the ?rst primary image While the controller moves 
the ?eld of vieW from the ?rst region to the second region, 
While the auxiliary image sensor generates the auxiliary 
images and While the controller adjusts the focal distance to 
the selected focal distance, the primary image sensor gener 
ates the second primary image in response to the autofocus 
ing, the auxiliary pixel count is loWer than the primary pixel 
count and the auxiliary frame rate is faster than the primary 
frame rate. 

DRAWINGS 

The folloWing detailed description can be best understood 
When the read With reference to the accompanying draWings 
in Which like characters represent like parts throughout the 
draWings, Wherein: 
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FIG. 1 shows one embodiment of a digital optical micro 
scope that includes an objective lens, a primary image sensor 
and an auxiliary image sensor in accordance With one 

embodiment; 
FIGS. 2A-2F shoW various relationships betWeen the pri 

mary image and the auxiliary image; 
FIG. 3 shoWs normaliZed focus curves for various image 

data sets; 
FIG. 4 shoWs the objective lens positioned at multiple focal 

distances to obtain multiple auxiliary images in multiple focal 
planes in accordance With one embodiment; and 

FIGS. 5A-5B shoW an example time line for performing 
autofocusing using multiple auxiliary images and simulta 
neous operations. 

DETAILED DESCRIPTION 

FIG. 1 illustrates one embodiment of a digital optical 
microscope 10 that includes objective lens 12, beam splitter 
14, primary image sensor 16, auxiliary image sensor 18, 
controller 20 and scanning stage 22. 

Sample 24 is disposed betWeen coverslip 26 and slide 28, 
and sample 24, coverslip 26 and slide 28 are supported by 
scanning stage 22. Coverslip 26 and slide 28 may be trans 
parent glass, While sample 24 may represent a Wide variety of 
objects or samples including biological samples. For 
example, sample 24 may represent biopsy tissue such as liver 
or kidney cells. In a non-limiting example, such biopsy tissue 
samples may have a thickness that averages 5 microns and 
varies by several microns and may have a lateral surface area 
of approximately l5><l5 millimeters, and. 

Objective lens 12 is spaced from sample 24 by a focal 
distance that extends along an optical axis in the Z (vertical) 
direction, and objective lens 12 has a focal plane in the XY 
(lateral) directions. Objective lens 12 collects light 30 from 
sample 24 at a ?eld of vieW, magni?es light 30 and directs 
light 30 to beam splitter 14. Thus, light 30 radiates from 
sample 24, passes through objective lens 22 and strikes beam 
splitter 14. In one embodiment, objective lens 22 may be a 
high poWer objective lens with 20x magni?cation and a 0.5 
numerical aperture (small depth of focus). Objective lens 22 
may be spaced from sample 24 by a focal distance of a feW 
millimeters (long Working distance) and may collect light 30 
from a ?eld of vieW of 750x750 microns in the focal plane. 
HoWever, the Working distance, ?eld of vieW and focal plane 
may vary depending upon the microscope con?guration or 
characteristics of the sample to be imaged. 

Digital optical microscope 10 can generate light 30 from 
sample 24 using a Wide variety of imaging modes including 
bright?eld, phase contrast, differential interference contrast 
and ?uorescence. Thus, light 30 can be transmitted or 
re?ected from sample 24 using bright?eld, phase contrast or 
differential interference contrast, or light 30 can be emitted 
from sample 24 (?uorescently labeled or intrinsic) using ?uo 
rescence. Furthermore, light 30 can be generated using trans 
illumination (Where the light source and objective lens 12 are 
on opposite sides of sample 24) or epi-illumination (Where 
the light source and objective lens 12 are on the same side of 
sample 24). As such, digital optical microscope 10 may fur 
ther include a light source (such as a high intensity LED or a 
mercury or xenon arc or metal halide lamp) Which has been 
omitted from the ?gures for convenience of illustration. 
Beam splitter 14 splits light 30 into primary light path 32 

and auxiliary light path 34. Primary light path 32 is directed to 
primary image sensor 16, and auxiliary light path 34 is 
directed to auxiliary image sensor 18. In one embodiment, 
beam splitter 14 may be a partial re?ection ?lter (or partially 
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4 
transparent mirror) that transmits one half of light 30 to pri 
mary light path 32 and re?ects the other half of light 30 to 
auxiliary light path 34 When bright?eld imaging is used. In 
one embodiment, beam splitter 14 may be a Wavelength dis 
crimination ?lter (or dichroic mirror) that transmits visible 
light that includes the ?uorescent excitation Wavelength to 
primary light path 32 and re?ects infrared light that excludes 
the ?uorescent excitation Wavelength to auxiliary light path 
34 When ?uorescent imaging is used. 

In one embodiment, primary image sensor 16 may generate 
a primary image of sample 24 at the ?eld of vieW using 
primary light path 32 Without using auxiliary light path 34, 
and auxiliary image sensor 18 generates an auxiliary image of 
sample 24 at the ?eld of vieW, or at a region or regions of 
interest Within the ?eld of vieW, using auxiliary light path 34 
Without using primary light path 32. In one embodiment, 
primary image sensor 16 generates the primary image With a 
primary pixel count at a primary frame rate, and auxiliary 
sensor 18 generates the auxiliary image With an auxiliary 
pixel count at an auxiliary frame rate. In one embodiment, the 
auxiliary pixel count is substantially loWer than the primary 
pixel count, and as a result, the auxiliary frame rate is sub 
stantially faster than the primary frame rate. 

Primary image sensor 16 and auxiliary image sensor 18 
may be commercially available CCD digital cameras. In one 
embodiment, the primary pixel count is at least three times as 
large as the auxiliary pixel count, and the auxiliary frame rate 
is at least three times as fast as the primary frame rate. In one 
embodiment, the primary pixel count is at least ten times as 
large as the auxiliary pixel count, and the auxiliary frame rate 
is at least ten times as fast as the primary frame rate. 

In one embodiment, controller 20 adjusts the focal distance 
betWeen objective lens 12 and sample 24 to an optimal focal 
distance in response to multiple auxiliary images obtained at 
multiple focal distances, thereby providing the technical 
effect of autofocusing the primary image on sample 24. Con 
troller 20 may perform the autofocusing using auxiliary 
image sensor 18 and the auxiliary images Without using pri 
mary image sensor 16 or a primary image, and may then 
instruct primary image sensor 16 to generate the primary 
image in response to the autofocusing. 

Controller 20 may instruct scanning stage 22 to laterally 
shift in the XY plane so that the ?eld of vieW laterally shifts to 
a region of sample 24. Thereafter, controller 20 may vertically 
shift objective lens 12 relative to sample 24 in the Z direction 
to obtain multiple auxiliary images at successive focal dis 
tances While scanning stage 22 remains at a ?xed lateral 
position. For example, controller 20 may vertically shift 
objective lens 12 (as depicted by the broken position control 
arroW) While scanning stage 22 and sample 24 remain at a 
?xed vertical position. Alternatively, controller 20 may ver 
tically shift scanning stage 22 and sample 24 (as depicted by 
the solid position control arroW) While objective lens 12 
remains at a ?xed vertical position. 

In one embodiment, controller 20 determines the image 
quality of the multiple auxiliary images using a focus algo 
rithm. The focus algorithm may calculate a quantitative char 
acteristic (or ?gure of merit) for the auxiliary image based on 
the sharpness of the auxiliary image. Furthermore, the quan 
titative characteristic may have a maximum value at the opti 
mal focal distance and decreasing value as the focus 
decreases, or alternatively, a minimum value at the optimal 
focal distance and increasing value as the focus decreases. 
Focus algorithms are Widely discussed in the literature. 
Derivative-based focus algorithms assume that Well-focused 
images have more high-frequency content than defocused 
images. Statistics-based focus algorithms distinguish focused 
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images from defocused images using variance and correla 
tion. Histogram-based focus algorithms use histograms (the 
number of pixels With a given intensity in an image) to ana 
lyZe the distribution and frequency of image intensities. Intui 
tive focus algorithms sum the pixel intensities above a thresh 
old. Thus, the quantitative characteristic can be based on a 
variety of image characteristics including contrast, entropy, 
variance, spatial frequency content, autocorrelation and total 
image intensity. Furthermore, the best focus algorithm may 
depend on the imaging mode. For instance, normalized vari 
ance may provide the best overall performance for bright 
?eld, phase contrast and differential interference contrast, 
Whereas autocorrelation may provide the best overall perfor 
mance for ?uorescence. See Sun et al., “Autofocusing in 
Computer Microscopy: Selecting the Optimal Focus Algo 
rithm,” Microscopy Research and Technique, 65:139-149 
(2004) Which is incorporated by reference. Likewise, the 
derivative-based Brenner gradient focus algorithm computes 
a ?rst difference betWeen a pixel and its neighbor With a 
horizontal/vertical distance of tWo and is Well-suited for 
transmitted bright?eld. 

In one embodiment, controller 20 determines the optimal 
focal distance based on the focus values of the quantitative 
characteristic for the multiple auxiliary images. For example, 
controller 20 can select the optimal focal distance based on 
the maximum focus value, or interpolation using the focus 
values, or a curve ?t using the focus values. 

In one embodiment, controller 20 vertically shifts objec 
tive lens 12 relative to sample 24 in the Z direction to the 
optimal focal distance While scanning stage 22 remains at a 
?xed lateral position. For example, controller 20 may verti 
cally shift objective lens 12 (as depicted by the broken posi 
tion control arroW) While scanning stage 22 and sample 24 
remain at a ?xed vertical position, or alternatively, controller 
20 may vertically shift scanning stage 22 and sample 24 (as 
depicted by the solid position control arroW) While objective 
lens 12 remains at a ?xed vertical position. Thereafter, con 
troller 20 may instruct primary image sensor 16 to generate 
the primary image While objective lens 12 and sample 24 are 
separated by the optimal focal distance and scanning stage 22 
remains at a ?xed lateral position. The primary image is a 
snapshot of sample 24 at the ?eld of vieW. In one embodiment, 
the described autofocusing mechanism may occur during 
continuous motion of scanning stage 22. 

In one embodiment, controller 20 continues the scanning 
operation by laterally shifting the ?eld of vieW to another 
region of sample 24, obtaining multiple auxiliary images at 
multiple focal distances, determining the optimal focal dis 
tance, adjusting objective lens 12 relative to sample 24 to the 
optimal focal distance, thereby providing the technical effect 
of autofocusing the primary image on sample 24, and then 
instructing primary image sensor 16 to generate the primary 
image. In an example Where objective lens 12 has a ?eld of 
vieW of 750x750 microns and sample 24 has a lateral surface 
area of 15x15 millimeters, primary image sensor 16 may 
generate roughly 400 primary images as the ?eld of vieW 
traverses sample 24. 

Controller 20 can implement the autofocusing operation 
using various combinations of hardWare and softWare. Frame 
grabber cards and related autofocus circuits are Widely dis 
cussed in the literature. See, for instance, Bravo-Zanoguera, 
“High-Performance Autofocus Circuit for Biological 
Microscopy”, RevieW of Scienti?c Instruments, Volume 69, 
Number 11 (November, 1998) Which is incorporated by ref 
erence. In order to increase the execution speed of the focus 
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6 
algorithm, controller 20 may execute dedicated ?rmWare or 
loW-level softWare such as C++ rather than high-level soft 
Ware such as MATLAB®. 

Controller 20 can be implemented by a Wide variety of 
platforms. For example, controller 20 can be a dedicated 
system located Within the housing for objective lens 12, beam 
splitter 14, primary image sensor 16, auxiliary image sensor 
18 and scanning stage 22. As another example, controller 20 
can be an external computer (such as a general-purpose per 
sonal computer) located outside the housing that may include 
a keyboard, a mouse, a monitor and a frame grabber card and 
is electrically connected to primary image sensor 16, auxil 
iary image sensor 18 and scanning stage 22 by cables or 
Wirelessly. 

FIGS. 2A-2F shoW various relationships betWeen the pri 
mary image and the auxiliary image. The primary image 
contains primary pixels depicted by thin borders, and the 
auxiliary image contains auxiliary pixels depicted by thick 
borders. The primary pixels are superimposed on the auxil 
iary pixels Within the ?eld of vieW to facilitate comparison. 
The primary pixels have uniform shape and siZe and the 
primary pixel borders are covered yet apparent Where over 
lapped by the auxiliary pixel borders. In the illustrated 
embodiments, the primary image has a higher pixel count 
than the auxiliary image, and therefore the primary pixels 
outnumber the auxiliary pixels in the ?eld of vieW. 

In FIG. 2A, the primary image and the auxiliary image 
occupy the ?eld of vieW. HoWever, the primary pixels are 
smaller than the auxiliary pixels. For example, the primary 
image may contain about 6.3 megapixels (2048x3072 pixels) 
Whereas the auxiliary image may contain about 1.5 megapix 
els (1024x1536 pixels). In this example, the auxiliary camera 
operates at nearly four times the rate of the primary camera. 

In FIG. 2B, the primary image occupies the ?eld of vieW 
and the primary pixels are the same siZe as the auxiliary 
pixels. HoWever, the auxiliary image occupies a centrally 
located region of interest Within the ?eld of vieW. For 
example, the primary image may contain about 6.3 megapix 
els (2048x3072 pixels) Whereas the auxiliary image may 
contain about 307 kilopixels (640x480 pixels). In this 
example, the auxiliary camera operates at nearly 20 times the 
frame rate of the primary camera. 

In FIG. 2C, the primary image occupies the ?eld of vieW. 
HoWever, the auxiliary image occupies a centrally located 
region of interest Within the ?eld of vieW and the primary 
pixels are smaller than the auxiliary pixels. For example, the 
primary image may contain about 6.3 megapixels (2048>< 
3072 pixels) Whereas the auxiliary image may contain about 
307 kilopixels (640x480 pixels). 

In FIG. 2D, the primary image occupies the ?eld of vieW 
and the primary pixels are the same siZe as the auxiliary 
pixels. HoWever, the auxiliary image occupies a grid pattern 
region of interest Within the ?eld of vieW. For example, the 
primary image may contain about 6.3 megapixels (2048>< 
3072 pixels) Whereas the auxiliary image may contain about 
15 kilopixels (3 roWs of 3072 pixels and 3 columns of 2048 
pixels). In this example, the auxiliary camera operates at 
nearly 400 times the frame rate of the primary camera. 

In FIG. 2E, the primary image occupies the ?eld of vieW 
and the primary pixels are the same siZe as the auxiliary 
pixels. HoWever, the auxiliary image occupies a checker 
board pattern in Which each auxiliary pixel is spaced from its 
neighbors and constitutes a region of interest Within the ?eld 
of vieW. For example, the primary image may contain about 
6.3 megapixels (2048x3072 pixels), Whereas the auxiliary 
image may contain about 15 kilopixels (uniformly distributed 
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throughout the ?eld of vieW). In this example, the auxiliary 
frame rate is about 400 times the frame rate of the primary 
camera. 

In FIG. 2F, the primary image occupies the ?eld of vieW. 
However, the auxiliary image occupies a checkerboard pat 
tern in Which each auxiliary pixel is spaced from its neighbors 
and constitutes a region of interest Within the ?eld of vieW. 
Furthermore, the primary pixels are smaller than the auxiliary 
pixels. For example, the primary image may contain about 6.3 
megapixels (2048x3072 pixels), Whereas the auxiliary image 
may contain about 15 kilopixels (uniformly distributed 
throughout the ?eld of vieW). In this example, the auxiliary 
frame rate is about 400 times as fast as the primary frame rate. 

In one embodiment, primary image sensor 16 can have 
higher resolution than auxiliary image sensor 18 so that the 
primary pixels are smaller than the auxiliary pixels. For 
example, primary image sensor 16 may be a CCD digital 
camera With 4 megapixels and auxiliary image sensor 18 may 
be a CCD digital camera With 600 kilopixels. In an alternative 
embodiment, primary image sensor 16 can have the same 
resolution as auxiliary image sensor 18, and auxiliary image 
sensor 18 can generate the auxiliary image as only a region or 
regions of interest Within the ?eld of vieW. For example, a 
diffractive lens disposed in auxiliary light path 34 may 
apodiZe the light and transmit only a centrally located region 
of interest Within the ?eld of vieW to auxiliary image sensor 
18. In another embodiment, the auxiliary image sensor 18 
may observe a smaller ?eld of vieW than the primary image 
sensor 16. As another example, the auxiliary image may 
contain only subsampledpixels such as every Nth pixel, one or 
more roWs, one or more columns, a grid pattern or a check 
erboard pattern Within the ?eld of vieW. 

Consequently, the auxiliary frame rate is faster than the 
primary frame rate. For example, the auxiliary frame rate may 
be on the order of hundreds of frames per second, and the 
primary frame rate may be on the order of tens of frames per 
second. 

FIG. 3 shoWs normaliZed focus curves for various image 
data sets. The focus curves use variance as the quantitative 
characteristic and shoW a normaliZed focus value as a func 
tion of focal distance. 

In this example, the focus curve for the full image data 
depicts the primary image that occupies the entire ?eld of 
vieW and contains about 6.3 megapixels (2048x3072 pixels) 
as described in FIGS. 2A-2F. The focus curve for the central 
region depicts the auxiliary image that occupies a centrally 
located region of interest Within the ?eld of vieW and contains 
about 307 kilopixels (640x480 pixels) Where the primary and 
auxiliary pixels have the same siZe as described in FIG. 2B. 
The focus curve for the sparse sampling depicts the auxiliary 
image that occupies a grid pattern region of interest Within the 
?eld of vieW and contains about 15 kilopixels (3 roWs of 3072 
pixels and 3 columns of 2048 pixels) Where the primary and 
auxiliary pixels have the same siZe as described in FIG. 2D. 

The focus curves for not only the full image data, but also 
the central region and the sparse sampling, are unimodal 
symmetric Gaussian curves that exhibit distinct peaks near 
focus. As a result, the auxiliary images based on the central 
region and the sparse sampling provide robust, reliable focus 
values for determining the optimal focal distance. 

FIG. 4 shoWs objective lens 12 positioned at multiple focal 
distances to obtain multiple auxiliary images of sample 24 in 
multiple focal planes during the autofocusing operation. In 
the illustrated embodiment, focal planes 36A-36G are shoWn 
and are located at successive focal distances as depicted by 
the Z direction in FIG. 1 and the X axis in FIG. 3. In FIG. 4 
focal planes 36A-36G span the operative focal range of obj ec 
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8 
tive lens 12.Accordingly, controller 20 can step objective lens 
12 through focal planes 36A-36G in a Wide variety of 
sequences to determine the focus values for the auxiliary 
images to select the optimal focal distance for the primary 
image. It should be noted that the number of focal planes 
utiliZed is not limited to those shoWn in FIG. 4. 

In one embodiment, controller 20 can unidirectionally and 
incrementally decrease the focal distance so that objective 
lens 12 sequentially steps through the various focal planes. In 
the example illustrated in FIG. 4, the ?rst auxiliary image may 
be generated at focal plane 36A, the second auxiliary image 
may be generated at focal plane 36B, and so on, until the ?nal 
auxiliary image is generated at focal plane 36G. Likewise, 
controller 20 can unidirectionally and incrementally increase 
the focal distance so that objective lens 12 sequentially steps 
through the focal planes in reverse order. In the example 
illustrated in FIG. 4, the ?rst auxiliary image may be gener 
ated at focal plane 36G, the second auxiliary image may be 
generated at focal plane 36F, and so on, until the ?nal auxil 
iary image is generated at focal plane 36A. In these 
approaches, controller 20 adjusts the focal distance to a deter 
mined value for each focal plane before instructing auxiliary 
image sensor 18 to generate the auxiliary image at the focal 
plane, regardless of the focal distance used for the previous 
primary image. In the illustrated example of FIG. 4, controller 
20 adjusts the focal distance seven times to obtain seven 
auxiliary images at focal planes 36A-36G. 

Controller 20 can also obtain the ?rst auxiliary image at the 
focal distance used for the previous primary image. That is, 
the ?rst auxiliary image is obtained Without adjusting the 
focal distance used for the previous primary image. In the 
illustrated example of FIG. 4, controller 20 adjusts the focal 
distance six times to obtain seven auxiliary images at focal 
planes 36A-36G. Advantageously, the focal distance adjust 
ment for the ?rst auxiliary image is eliminated, thereby accel 
erating the autofocus operation. Thus, the ?rst auxiliary 
image can be generated at any focal plane. Thereafter, con 
troller 20 can sequentially step objective lens 12 through the 
remaining focal planes to obtain the remaining auxiliary 
images. 

For example, if the ?rst auxiliary image is generated at 
focal plane 36B (anyWhere betWeen focal planes 36A and 
36C), then controller 20 can unidirectionally decrease the 
focal distance by a ?rst incremental distance betWeen focal 
planes 36A and 36C and then by a second incremental dis 
tance betWeen focal planes 36C-36G so that objective lens 12 
sequentially steps through focal planes 36B, 36A and 36C 
36G. That is, the ?rst auxiliary image may be generated at 
focal plane 36B, the second auxiliary image may be generated 
at focal plane 36A, the third auxiliary image may be gener 
ated at focal plane 36C, and so on, until the ?nal auxiliary 
image is generated at focal plane 36G. In one embodiment, 
controller 20 may unidirectionally decrease the focal distance 
5 micron increments betWeen focal planes 36A and 36C and 
then by 10 micron increments betWeen focal planes 36C-36G. 
As another example, if the ?rst auxiliary image is gener 

ated at focal plane 36B (anyWhere betWeen focal planes 36A 
and 36C), then controller 20 can unidirectionally increase the 
focal distance by a ?rst increment (e. g., 5 micron increments) 
betWeen focal planes 36G-36C and then by a second incre 
ment (e.g., 10 micron increments) betWeen focal planes 36C 
and 36A so that objective lens 12 sequentially steps through 
focal planes 36B, 36G-36C and 36A. That is, the ?rst auxil 
iary image may be generated at focal plane 36B, the second 
auxiliary image may be generated at focal plane 36G, the 
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third auxiliary image may be generated at focal plane 3 6F, and 
so on, until the ?nal auxiliary image is generated at focal 
plane 36A. 

FIGS. 5A and 5B shows an example time line for perform 
ing autofocusing using multiple auxiliary images and simul 
taneous operations. Although FIGS. 5A and 5B and the fol 
lowing description refer to speci?c time increments, such 
timing is intended to be for illustrative purposes only. It 
should be appreciated that the speed at which digital optical 
microscope 10 and its components operate may scale with 
technology and therefore any speci?c details should not be 
interpreted as limiting. 

Referring now to FIGS. 5A-5B, primary image sensor 16 
may generate the ?rst primary image in 100 milliseconds. In 
particular, primary image sensor 16 may collect primary light 
from primary light path 32 for l millisecond and then transfer 
primary image data based on the collected primary light to 
controller 20 for 99 milliseconds. As a result, primary image 
sensor 1 6 would have a frame rate of 10 frames/ second. In one 
embodiment, primary image sensor 16 collects the primary 
light while the ?eld of view is at the ?rst region of sample 24. 

Scanning stage 22 may laterally shift sample 24 relative to 
objective lens 12 to move the ?eld of view from the ?rst 
region of sample 24 to the second region of sample 24 in 10 
milliseconds. Scanning stage 22 may begin the lateral shift 
just as primary image sensor 16 completes collecting the 
primary light and begins to transfer the primary image data to 
controller 20. 

Thereafter, auxiliary image sensor 18 may generate the 
?rst auxiliary image in 10 milliseconds. In particular, auxil 
iary image sensor 18 may collect auxiliary light from auxil 
iary light path 34 for l millisecond and then transfer auxiliary 
image data based on the collected auxiliary light to controller 
20 for 9 milliseconds. As a result, auxiliary image sensor 18 
would have a frame rate of 100 frames/ second. In one 
embodiment, auxiliary image sensor 18 begins collecting the 
auxiliary light just as the ?eld of view reaches the second 
region of sample 24. 

Scanning stage 22 may adjust the focal distance for the 
second auxiliary image in 12 milliseconds. Thus, scanning 
stage 22 adjusts the focal distance from the ?rst focal distance 
for the ?rst primary and auxiliary images to the second focal 
distance for the second auxiliary image. Scanning stage 22 
may begin adjusting the focal distance just as auxiliary image 
sensor 18 completes collecting the auxiliary light and begins 
to transfer the auxiliary image data to controller 20. Further 
more, scanning stage 22 may complete adjusting the focal 
distance after auxiliary image sensor 18 completes transfer 
ring the auxiliary image data to controller 20. 

Controller 20 may determine the ?rst focus value for a 
quantitative characteristic for the ?rst auxiliary image in 0.5 
milliseconds. Controller 20 may begin determining the ?rst 
focus value just as auxiliary image sensor 18 completes trans 
ferring the auxiliary image data to controller 20. Furthermore, 
scanning stage 22 may complete adjusting the focal distance 
2.5 milliseconds (12-9-05 milliseconds) after controller 20 
determines the ?rst focus value. 

Thus, auxiliary image sensor 18 may transfer the auxiliary 
image data for the ?rst auxiliary image to controller 20 simul 
taneously with and faster than scanning stage 22 adjusts the 
focal distance for the second auxiliary image. Likewise, con 
troller 20 may determine the ?rst focus value for the ?rst 
auxiliary image simultaneously with and faster than scanning 
stage 22 adjusts the focal distance for the second auxiliary 
image. As a result, there is no delay incurred with transferring 
the auxiliary image data and determining the focus value for 
the ?rst auxiliary image. 
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10 
Thereafter, auxiliary image sensor 18 may generate the 

second, third and fourth auxiliary images, controller 20 may 
determine the second, third and fourth focus values, and 
scanning stage 22 may adjust the focal distance to the third, 
fourth and ?fth focal distances for the third, fourth and ?fth 
auxiliary images in similar fashion. These operations may 
take 39 milliseconds (3(l+l2) milliseconds). 

Thereafter, auxiliary image sensor 18 may generate the 
?fth auxiliary image in 10 milliseconds as it collects auxiliary 
light from auxiliary light path 34 for l millisecond and then 
transfers auxiliary image data based on the collected auxiliary 
light to controller 20 for 9 milliseconds. Thereafter, controller 
20 may determine the ?fth focus value in 0. 5 milliseconds and 
then determine the optimal focal distance based on the ?rst to 
?fth focus values in l millisecond. 

Thereafter, scanning stage 22 may adjust the focal distance 
from the ?fth focal distance to the optimal focal distance in 20 
milliseconds (assuming worst case focal distance adjust 
ment), thereby autofocusing the second primary image at the 
second region on sample 24. Moreover, scanning stage 22 
may adjust the focal distance to the optimal focal distance for 
the second primary image before primary image sensor 16 
completes transferring the primary image data for the ?rst 
primary image to controller 20. 

Thereafter, primary image sensor 16 may begin generating 
the second primary image just as primary image sensor 16 
completes generating the ?rst primary image. As a result, 
primary image sensor 16 may take back-to-back snapshots of 
sample 24 at the ?rst and second regions without incurring 
delay between the snapshots. 
The ?rst primary image may be generated in 100 millisec 

onds. Furthermore, I millisecond after the ?rst primary image 
begins to be generated, the ?eld of view may be laterally 
shifted from the ?rst to second region in 10 milliseconds. The 
?ve auxiliary images may then be generated and the optimal 
focal distance determined in 63.5 milliseconds (l3+39+l0+ 
0.5+l milliseconds), and then the focal distance adjusted to 
the optimal focal distance in 20 milliseconds. Thus, the sec 
ond primary image may be autofocused and ready to begin 
5.5 milliseconds (l00—(l+l0+63.5+20) milliseconds) before 
completing generation of the ?rst primary image. Moreover, 
although the autofocusing operation may use 1.5 millisec 
onds to determine the ?nal focus value and the optimal focal 
distance, the autofocusing operation may be delayed by less 
than 2 percent due to the focus algorithm since the other focus 
values are determined in parallel with and faster than adjust 
ing the focal distance for the upcoming auxiliary images. 
Likewise, generating the auxiliary images before the ?nal 
auxiliary image causes negligible delays since these auxiliary 
images transfer the auxiliary image data in parallel with and 
faster than adjusting the focal distance for the upcoming 
auxiliary images. 

Microscope 10 may contain additional optical, electronic 
and mechanical elements, such as lenses, apertures, beam 
splitters, circuits, image processors, software routines, data 
and control buses, stepper motors, pieZoelectric actuators and 
the like. These elements have been omitted for convenience of 
illustration. 

Microscope 10 may contain separate objective lenses for 
the primary image sensor and the auxiliary image sensor, 
thereby obviating the need for the beam splitter, and adjust the 
focal distance for the objective lenses in tandem. 

Microscope 10 may generate various numbers of auxiliary 
images during the autofocusing operation. For instance, 
microscope 10 can generate three auxiliary images, with the 
?rst auxiliary image generated at the optimal focal distance of 
the previous primary image, the second auxiliary image gen 
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erated at a longer focal distance and the third auxiliary image 
generated at a shorter focal distance. Further, microscope 10 
may vertically shift the objective lens relative to the sample 
continuously or intermittently during the autofocusing opera 
tion. 

Various changes and modi?cations to the embodiments 
described herein are contemplated. For instance, the materi 
als, dimensions and shapes described above are merely exem 
plary. Such changes and modi?cations may be made Without 
departing from the spirit and scope of the present invention as 
de?ned in the appended claims. 
What is claimed is: 
1. A digital optical microscope, comprising: 
a primary image sensor that sequentially generates a ?rst 

and a second primary image of a sample at a primary 
frame rate; 

an auxiliary image sensor that sequentially generates a 
?rst, a second and a third auxiliary image of the sample 
at an auxiliary frame rate that is faster than the primary 
frame rate; and 

a controller that adjusts a focal distance betWeen an obj ec 
tive lens and the sample along an optical axis to a ?rst 
focal distance to obtain the ?rst primary and auxiliary 
images, then to a second focal distance to obtain the 
second auxiliary image, then to a third focal distance to 
obtain the third auxiliary image, and then to a selected 
focal distance based on the ?rst, second and third auxil 
iary images to obtain the second primary image, thereby 
autofocusing the primary image on the sample, Wherein 
the primary image sensor generates the primary image in 
response to the autofocusing. 

2. The microscope of claim 1, Wherein the primary image 
sensor is a camera and the auxiliary image sensor is a camera. 

3. The microscope of claim 1, Wherein the primary image 
comprises more pixels than the auxiliary image. 

4. The microscope of claim 3, Wherein the primary image 
has a primary resolution at a ?eld of vieW, the auxiliary image 
has an auxiliary resolution at the ?eld of vieW, and the primary 
resolution is higher than the auxiliary resolution. 

5. The microscope of claim 3, Wherein the primary image 
has a primary resolution at a ?eld of vieW, the auxiliary image 
has an auxiliary resolution at a region or regions of interest 
Within the ?eld of vieW, and the primary resolution is the same 
as the auxiliary resolution. 

6. The microscope of claim 1, Wherein the primary image 
comprises at least three times as many pixels as the auxiliary 
image, and the auxiliary frame rate is at least three times as 
fast as the primary frame rate. 

7. The microscope of claim 1, Wherein the controller deter 
mines a quantitative characteristic based on a sharpness of the 
auxiliary image, determines the selected focal distance based 
on the quantitative characteristic, and adjusts the focal dis 
tance to the selected focal distance to autofocus the primary 
image on the sample. 

8. The microscope of claim 1, Wherein the controller deter 
mines a quantitative characteristic for each auxiliary image to 
obtain multiple focus values of the quantitative characteristic, 
determines the selected focal distance based on the multiple 
focus values, and adjusts the focal distance to the selected 
focal distance to autofocus the primary image on the sample. 

9. The microscope of claim 1, Wherein the controller deter 
mines a ?rst focus value of a quantitative characteristic for the 
?rst auxiliary image and a second focus value of the quanti 
tative characteristic for the second auxiliary image, deter 
mines the ?rst focus value While adjusting the focal distance 
betWeen the ?rst and second focal distances, determines the 
selected focal distance based on the ?rst and second focus 
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12 
values, and adjusts the focal distance to the selected focal 
distance to autofocus the primary image on the sample. 

10. A digital optical microscope, comprising: 
an objective lens; 
a beam splitter that splits light that is collected from a 

sample and passes through the objective lens into a pri 
mary light path and an auxiliary light path; 

a primary image sensor that generates a ?rst and a second 
primary image of the sample With a primary pixel count 
at a primary frame rate using the primary light path 
Without using the auxiliary light path; 

an auxiliary image sensor that generates a ?rst, a second 
and a third auxiliary image of the sample With an auxil 
iary pixel count at an auxiliary frame rate using the 
auxiliary light path Without using the primary light path; 
and 

a controller that adjusts a focal distance betWeen the objec 
tive lens and the sample along an optical axis to a ?rst 
focal distance to obtain the ?rst primary and ?rst auxil 
iary images, then to a second focal distance to obtain the 
second auxiliary image, then to a third focal distance to 
obtain the third auxiliary image, and then to a selected 
focal distance based on the ?rst, second and third auxil 
iary images to obtain the second primary image, thereby 
autofocusing the second primary image on the sample, 
Wherein the auxiliary frame rate is faster than the pri 
mary frame rate. 

11. The microscope of claim 10, Wherein the objective lens 
has a numerical aperture of at least 0.5. 

12. The microscope of claim 10, Wherein the primary 
image sensor is a camera and the auxiliary image sensor is a 
camera. 

13. The microscope of claim 10, Wherein the primary 
image has a primary resolution at a ?eld of vieW, the auxiliary 
image has an auxiliary resolution at the ?eld of vieW, and the 
primary resolution is higher than the auxiliary resolution. 

14. The microscope of claim 10, Wherein the primary 
image has a primary resolution at a ?eld of vieW, the auxiliary 
image has an auxiliary resolution at a region or regions of 
interest Within the ?eld of vieW, and the primary resolution is 
the same as the auxiliary resolution. 

15. The microscope of claim 10, Wherein the primary 
image comprises at least three times as many pixels as the 
auxiliary image, and the auxiliary frame rate is at least three 
times as fast as the primary frame rate. 

16. The microscope of claim 10, Wherein the controller 
determines a quantitative characteristic based on a sharpness 
of the auxiliary image, determines a selected focal distance 
based on the quantitative characteristic, and adjusts the focal 
distance to the selected focal distance to autofocus the pri 
mary image on the sample. 

17. The microscope of claim 10, Wherein the ?rst, second 
and third auxiliary images are obtained at successive focal 
distances, and Wherein the controller determines a quantita 
tive characteristic for each auxiliary image to obtain multiple 
focus values of the quantitative characteristic, determines the 
selected focal distance based on the multiple focus values, 
and adjusts the focal distance to the selected focal distance to 
autofocus the primary image on the sample. 

18. The microscope of claim 10, Wherein the controller: 
adjusts the focal distance to sequentially obtain the ?rst 

auxiliary image at the ?rst focal distance and the second 
auxiliary image at the second focal distance, 

determines a ?rst focus value of a quantitative characteris 
tic for the ?rst auxiliary image and a second focus value 
of the quantitative characteristic for the second auxiliary 
image, 
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determines the ?rst focus value While adjusting the focal 
distance betWeen the ?rst and second focal distances, 
determines the selected focal distance based on the ?rst 
and second focus values, and adjusts the focal distance 
to the selected focal distance to autofocus the primary 
image on the sample. 

19. The digital optical microscope of claim 10, Wherein the 
auxiliary pixel count is loWer than the primary pixel count. 

20. A digital optical microscope, comprising: 
an objective lens With a ?eld of vieW; 
a beam splitter that splits light that is collected from a 

sample at the ?eld of vieW and passes through the obj ec 
tive lens into a primary light path and an auxiliary light 
path; 

a primary image sensor that generates ?rst and second 
primary images of the sample using the primary light 
path Without using the auxiliary light path, Wherein the 
primary images each have a primary pixel count and are 
generated at a primary frame rate, the ?rst primary 
image represents a ?rst region of the sample at the ?eld 
of vieW, the second primary image represents a second 
region of the sample at the ?eld of vieW, and the regions 
are laterally offset; 

an auxiliary image sensor that generates ?rst, second and 
third auxiliary images of the sample using the auxiliary 
light path Without using the primary light path, Wherein 
the auxiliary images are generated While the ?eld of 
vieW is at the second region and the auxiliary images 
each have an auxiliary pixel count and are generated at 
an auxiliary frame rate; and 

a controller that adjusts a lateral position betWeen the 
objective lens and the sample to move the ?eld of vieW 
from the ?rst region to the second region and adjusts a 
focal distance betWeen the objective lens and the sample 
along an optical axis to a selected focal distance using 
the auxiliary images Without using the primary images, 
thereby autofocusing the second primary image on the 
sample using the auxiliary image sensor Without using 
the primary image sensor, Wherein the primary image 
sensor generates the ?rst primary image While the con 
troller moves the ?eld of vieW from the ?rst region to the 
second region, While the auxiliary image sensor gener 
ates the auxiliary images and While the controller adjusts 
the focal distance to the selected focal distance, the 
primary image sensor generates the second primary 
image in response to the autofocusing, the auxiliary 
pixel count is loWer than the primary pixel count and the 
auxiliary frame rate is faster than the primary frame rate. 

21. The microscope of claim 20, Wherein the primary 
image sensor is a camera and the auxiliary image sensor is a 
camera. 

22. The microscope of claim 20, Wherein the primary 
images have a primary resolution at the ?eld of vieW, the 
auxiliary images have an auxiliary resolution image at the 
?eld of vieW, and the primary resolution is higher than the 
auxiliary resolution. 

23. The microscope of claim 20, Wherein the primary 
images have a primary resolution at the ?eld of vieW, the 
auxiliary images have an auxiliary resolution at a region or 
regions of interest Within the ?eld of vieW, and the primary 
resolution is the same as the auxiliary resolution. 

24. The microscope of claim 20, Wherein each primary 
image comprises at least three times as many pixels as each 
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auxiliary image, and the auxiliary frame rate is at least three 
times as fast as the primary frame rate. 

25. The microscope of claim 20, Wherein the controller 
adjusts the focal distance to sequentially obtain the ?rst aux 
iliary image at a ?rst focal distance, the second auxiliary 
image at a second focal distance and the third auxiliary image 
at a third focal distance, determines a ?rst focus value of a 
quantitative characteristic for the ?rst auxiliary image, a sec 
ond focus value of the quantitative characteristic for the sec 
ond auxiliary image and a third focus value of the quantitative 
characteristic for the third auxiliary image, and determines 
the selected focal distance based on the ?rst, second and third 
focus values. 

26. The microscope of claim 20, Wherein the primary 
image sensor generates the ?rst primary image by collecting 
?rst primary light from the primary light path and then trans 
ferring ?rst primary image data based on the ?rst primary 
light to the controller, and the controller moves the ?eld of 
vieW from the ?rst region to the second region, the auxiliary 
image sensor generates the auxiliary images and the control 
ler adjusts the focal distance to the selected focal distance 
after the primary image sensor collects the ?rst primary light 
and before the primary image sensor completes transferring 
the ?rst primary image data to the controller. 

27. The microscope of claim 26, Wherein the auxiliary 
image sensor generates the ?rst auxiliary image by collecting 
?rst auxiliary light from the auxiliary light path and then 
transferring ?rst auxiliary image data based on the ?rst aux 
iliary light to the controller, the controller adjusts the focal 
distance to sequentially obtain the ?rst auxiliary image at a 
?rst focal distance, the second auxiliary image at a second 
focal distance and the third auxiliary image at a third focal 
distance, the controller begins adjusting the focal distance 
from the ?rst focal distance to the second focal distance after 
the auxiliary image sensor collects the ?rst auxiliary light and 
before the auxiliary image sensor completes transferring the 
?rst auxiliary image data to the controller, and the controller 
completes adjusting the focal distance from the ?rst focal 
distance to the second focal distance after the auxiliary image 
sensor completes transferring the ?rst auxiliary image data to 
the controller. 

28. The microscope of claim 27, Wherein the controller 
determines a ?rst focus value of a quantitative characteristic 
for the ?rst auxiliary image, a second focus value of the 
quantitative characteristic for the second auxiliary image and 
a third focus value of the quantitative characteristic for the 
third auxiliary image, determines the selected focal distance 
based on the ?rst, second and third focus values, begins 
adjusting the focal distance from the ?rst focal distance to the 
second focal distance before the controller begins determin 
ing the ?rst focus value, and completes adjusting the focal 
distance from the ?rst focal distance to the second focal 
distance after the controller completes determining the ?rst 
focus value. 

29. The microscope of claim 27, Wherein the controller 
maintains the focal distance at the ?rst focal distance While 
the primary image sensor collects the ?rst primary light, 
While the controller moves the ?eld of vieW from the ?rst 
region to the second region and While the auxiliary image 
sensor collects the ?rst auxiliary light. 


